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ABSTRACT. Spectroscopic studies of the following potential diffuse interstellar 
band (DIB) earners are reviewed: unspecified organics, carbon chains, polycyclic 
aromatic hydrocarbons (PAHs), fullerenes and derivatives, as well as porphyrins and 
related material. An assessment of each is given, along with suggestions for further 
experimental studies needed to fully test each candidate. Of the experimental tech- 
niques in common use, matrix isolation spectroscopy with neon matrices is the most 
appropriate for the DIBs. The low vapor pressure and high reactivity of these ma- 
tenals preclude gas phase studies on many of these species. At this point, given the 
type and quality of published data available, carbon chains and PAHs are the most 
promising candidates for a number of the DIBs. 


1. INTRODUCTION 

Identifying the carriers of the diffuse interstellar bands (DIBs) has become' the classic 
spectroscopic problem of the 20th Century. Since their discovery in the early 1900 s 
the DIBs have' successfully challenged speetroseopists, astronomers and physicists. 
During tins time so many suggestions have been made, experiments carried out, and 
theories proposed that a thorough review would more than fill this volume. The' same 
holds true for a summary of experiments on species which might be relevant to the 
DIB problem. Here, the focus will rather be placed on a review of the experiments 
which were specifically carried out to address the DIB question, with the further 
restriction that the types of materials discussed represent what are currently thought 
to be promising candidates. Even with this, the scope is large. Many researchers 
active in this area have been asked for relevant references and cross references in 
order to be as thorough as possible. Nontheless, some important contributions have 
almost certainly been overlooked. 

The experimental challenge was succinctly stated by Johnson (1970) twenty five' 
years ago, one not only has to match 25 'diffuse interstellar lines as far as wave- 
lengths are concerned, but also as far as intensity. In addition, the... interstellar 
line widths vary from 40 A to 1 A... and are invariant to 0.1 A...” Since that time 
the number of DIBs has grown to well over 100, their relative intensities have' been 
shown to vary from one hne-of-sight to another, and some DIBs seem to go together 
in loosely connected families (Herbig 1975; Jenniskens and Desert 1994; Ivrreowski 
and Walker 1987). Wavelength invariance has been taken to indicate that the car- 
riers cannot reside in or on dust particles. Tins is because particle size, shape and 
composition influence pe'ak position mid profile, and it is difficult to imagine that 
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the grains along all lines-of-sight are exactly the same. Thus, while this is used to 
further limit the work reviewed here to molecular sized species in the gas phase one 
must keep in mind that any sweeping conclusions based on global DIB observational 
properties are probably invalid. This is intrinsic to the DlB problem. Quite often 
generalizations are based on studies of only a handful of the strongest Dlfes. There 
is good reason for focusing on these, as most DIBs are weak and inherently difficult 
to measure. Nonetheless, these strong DIBs are certainly not representative of the 
entire collection along all lines-of- sight. 

The criteria which must be met for a particular material to be accepted as a DIB 
earner are that its visible and near-infrared absorption features match the known 
DIBs in wavelength, bandwidth and relative intensities, while not possessing addi- 
tional features that are absent in the interstellar spectra. There are no species which 
satisfy these criteria to date, there are only candidates. Experimentalists are charged 
with measuring the spectra of candidate materials which can be compared with the 
DIBs. Ultimately, one strives to obtain spectra wliich can be directly compared to 
Ihe DIB spectrum. Ideally, this requires measuring the absorption spectra of various 
candidates in the gas phase at interstellar temperature and pressures. Tins also 
includes ; determining the oscillator strength for each transition, as this is needed to 
derive the column density necessary to produce the observed equivalent width. Prac- 
tically, since many of the promising species are difficult to work with, these goals are 
extremely challenging, if not impossible, given current experimental capabilities. 

These issues are discussed in this review. First, experimental techniques are sum- 
marized, pointing out the inherent advantages and disadvantages of each approach. 
Next, specific examples are given of species which are currently considered to be 
promising as contributors to the diffuse interstellar bands. Finally, an assessment 
of these candidates as potential DIB carriers is given along with suggestions for the 
experiments needed to provide additional tests for species. 


2. EXPERIMENTAL TECHNIQUES 

On face value, measuring DIB candidate absorption spectra is simple enough. One 
a visible light source, a monochromator, and a det ector . This equipment is 
readily available. The experimental challenge often lies in sample preparation and 
during the time required to measure it's spectrum, maintenance. This is because the 
most promising candidate materials are either refractory or, due to the harsh inter- 
stellar radiation environment, short lived under most terrestrial conditions. Thus, the 
experimentalist must be able to suspend individual refractory molecules in a manner 
which minimizes or eliminates any perturbation from the surrounding medium, or 
prepare and store reactive species unperturbed for periods long enough to permit the 
measurement of their spectra. 

"Die advantages and disadvantages of the sample preparation techniques which 
are in common spectroscopic use are summarized in Table 1. The first three, while 
straightforward, are not appropriate for measuring the spectra of isolated, individual 
species. In all three - ground powders, liquid solutions, or pellets (transparent solid s 
containing suspensions of the material of interest) - interactions with the host material 
cari severely perturb the transitions in the guest. These perturbations cause shifts 
m band positions, intensities and profiles. Thus, while these methods are useful as 
an initial screen to identify promising candidates, they cannot be used in one-on-one 
comparisons with the DIBs. The last two methods - matrix isolation and gas phase 
spectroscopy - provide data which is more appropriate for the DIB issue 
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Table 1 

Advantages and disadvantages of sample preparation techniques 


TECHNIQUE 

ADVANTAGES 

DISADVANTAGES 

Ground Powders 

straightforward 

not isolated 

Liquid Solutions 

straightforward 

interactions 

Solid Pellets 
salt 
glass 

straightforward 
somewhat involved 

matrix interactions 
matrix interactions 

Inert Gas Matrices 
argon 

neon 

less matrix interaction 
low temperature 
minor matrix interaction 
low r temperature 

involved 

rotation bands suppressed 
very involved 
rotation bands suppressed 

Gas Phase 

no interaction 

very involved 



very difficult to get 
sufficient population 



T > ISM : hot bands 
(eliminated in jets) 



Spectrum deduced 
indirectly 


Matrix Isolation Spectroscopy and the DIBs - Matrix isolation spectroscopy, de- 
veloped by Professor Pimentel and his colleagues in the 1950’s, is the technique in 
which thespecies of interest is suspended in a frozen inert gas matrix. This is ideally 
suited to the challenges provided by both refractory and reactive DIB candidates. 
Briefly, the technique consists of simultaneously cocfepositing the species of interest 
with an overabundance of inert gas such as neon, argon, or krypton onto a cold win- 
dow which is suspended in a vacuum chamber. Tire vacuum should lie in the high- to 
ultra-high range (10 -7 - 10 -8 mbar). Such high vacuum conditions, as well as very 
pure starting materials (>99.5% for the guest, 99.999% for the host), are essential 
to ensure that all the spectral features obtained can be confidently attributed to the 
target species. This is especially true in the cases where the species is a reactive 
intermediate produced by some form of energetic alteration of the starting materials. 
Here processes such as irradiation or electron bombardment can produce many new 
and exotic species. It is often a daunting task to identify the precise chemical iden- 
tity of the species in such matrices under the best of conditions. Thus, while often 
glossed over, it is essential that great care be given to the mundane task of sample 
preparation. The deposition rate must be slow and the window temperature quite 
low to ensure that the gases freeze out quickly, without allowing diffusion to occur. 
The rapid formation ol a rigid matrix is required since any dimision will result in 
the production and trapping of aggregates ; as well as isolated species" or promote 
reactions between reactive species such as ions and radicals, resulting in the loss of 
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the target species and the production of unwanted reaction products. Both processes 
produce spurious spectral features. The maximum window temperature acceptable is 
determined by the inert gas, with temperatures below about 20 K sufficient for argon 
and below about 5 K required for neon. Since 10 K is the minimum temperature me- 
chanical coolers can currently achieve with reasonable cooling powers, argon matrices 
are commonly employed. However, due to the fact that the band shifts from gas 
phase values are greater in argon matrices than neon matrices, neon is required for 
the DIB problem, a point discussed further below. Thus, liquia helium coolant (and 
all the care it entails! is required to produce the matrices winch are most appropriate 
for the DIB issue. Once the matrix is produced, absorption spectra are measured 
using customary techniques. These data are then compared to the DIBs. 

The key question here is, “How relevant is neon matrix data for the DIB issue?” 
Neon matrices perturb transitions, resulting in band shifting and broadening. Relative 
band strengths may also be slightly affected. The material is frozen in a solid, thus 
eliminating the rovibrational structure inherent in a gas phase spectrum, and trapping 
in different sites can produce spurious spectral features. Thus, one wonders if neon 
matrix spectra are a.t all relevant. They are very relevant. These matrices are used 
because it is exceedingly difficult (if not impossible) to prepare and study the gas 
phase spectra of many serious DIB candidate materials (see belowd and, of all known 
sample preparation techniques, the spectra of materials suspended in solid neon have 
been shown to provide the best wavelength matches to the bands in the gas phase 
spectra of the same species. Thus, at the veiy least, neon matrices provide a means 
by winch many candidate materials, some exceedingly difficult, to work with, can be 
screened. 

The situation is actually much better, and serious DIB candidates can be identified 
using neon matrix isolation spectroscopy (See, for example, the articles by Maier, 
Salama, and d’Hendecourt elsewhere in this volume). In neon, the shifts are very 
small, broadening is not severe, the 0-0 band position is often readily discemable, and 
site splitting is generally not a problem. While gas phase profiles are not duplicated 
in neon, one can calculate reasonably accurate rotational band envelopes. The tables 
of shifts between the gas phase and neon matrix frequencies for a particular ion 
transition listed by Bondybey and Miller (1983) illustrate this point. The ions listed 
include diacetylene, hexatriene, the aromatic molecule benzene (CeHe) and many 
halogen, hydroxy, and alkyl substituted benzenes. Less than 0.5% frequency shifts 
(((^g — * y ne)/ /y g) x 100) arc reported for the majority of bands listed (15 out of 26). 
Eight of the remaining nine are shifted by less than 1.0% , with the largest occurring 
in^ species containing chlorine and bromine. For the transitions having less than a 
0.5% shift, the average difference between the neon matrix and gas phase values is 
66 cm -1 , with the neon data always shifted to lower frequencies. For those less tlian 
1%, the average is 94 car 1 . Therefore, the criterion for a material to be seriously 
considered as a plausible DIB candidate is straightforward. The band frequencies 
of the species, when isolated in a neon matrix, must fall within 1%i that oi a DIB 
frequency. A smaller shift is required for neutral species for the same confidence level. 
Bondybey and Miller (1983) also show that the upper state lifetimes for a particular 
ionic species isolated in neon are very close to the gas phase values, allowing one to 
deduce gas phase band widths from neon matrix data as well. The reason that neon 
is particularly useful, especially for ionized species, arises from its 24.6 eV ionization 
potential as compared to the 15.76 eV ionization potential for argon. Much less 
charge transfer between guest and host can take place in neon, resulting in much 
weaker interactions (Bondybey and Miller, 1983). 



Laboratory Studies of DIB Carriers 


179 


Gas Phase Spectroscopy and the DIBs- Gas phase absorption spectroscopy of many 
suitable candidate materials remains in the wishful thinking category. While it is often 
expressed that the final test awaits gas phase data on the species of interest taken 
under the appropriate conditions, the extreme difficulties associated with attaining 
this obvious goal are not at all appreciated by many in this field. There are several 
severe stumbling blocks which must be overcome. Wliile it is exciting to realize 
that this type of data may become available on a few systems during tlio next few 
years, unless there is a significant experimental breakthrough, it is unlikely that many 
systems will be so studied. Here, the challenges have several sources. 

Although molecular beam techniques employing jets can generate cold samples in 
a collision-free environment, ideal conditions for mimicking the interstellar medium, 
these jets generally do not contain enough material to permit an absorption spectrum 
measurement over a narrow spectral region, let alone across the entire LV- Visible- near 
IR range. Most jet experiments take advantage of the extreme sensitivity of the laser- 
induced-fluorescence technique, which provides liigh resolution emission spectra over 
a very narrow spectral range. In order to maintain sufficient column densities of the 
individual molecular constituents of the refractory material of interest to permit the 
measurement of an absorption spectrum over a broad spectral range requires sample 
cell temperatures significantly higher than relevant for the ISM. Thus, low lying state's 
are populated and the absorption spectrum must be corrected appropriately. As the 
molecular spectroscopic parameters required to accurately arici precisely carry out 
such an analysis are poorly known for many of the species of interest, simplifying 
a high temperature spectrum will introduce uncertainties in band positions, profiles, 
and relative intensities. These difficulties apply to reactive species as well, wliich carry 
the additional burden of sample maintenance. Even for refractory species which do 
not need very liigh temperatures, sample generation often requires the sudden input 
of energy ana the species are not prepared in their ground state, once again requiring 
spectral deconvolution. Thus, vvlnle it seems reasonable to presume that this type of 
data will be obtained for a few DIB candidates within several years, it is not likely 
that spectra of the large number of species that must be measured to adequately 
address the more than 100 DIBs will be available for some time to come. See Boissel 
(1995, elsewhere in this volume) for the description of a novel teclmique winch may 
ultimately yield moderate resolution spectra of volatile, reactive DIB candidates. 
(The author hopes he is overly pessimistic here, and that tliis critique stimulates a 
few spectroscopists to prove him wrong. ) 

Consequently, neon matrix isolation spectroscopy, in spite of it's limitations, re- 
mains the most promising technique to use. It offers the ability to survey many 
possibilities in a reasonably short period of time providing data that is directly ap- 
plicable to the DIB problem. 

Apart from the spectroscopic studies discussed here, additional experimental work 
is also called for. Properties such as ionization potentials and cross sections, photodis- 
sociation rates and cross sections, electron affinities, electron recombination rates mid 
so forth are required for the most promising candidates. With this infonnation one 
can ascertain which forms are most likely to be present in various regions of the dif- 
fuse interstellar medium. Since the spectrum of a species change's with ionization 
state, these data give much needed supplemental insight into the DIB problem. For 
example, knowledge of these properties enables one to determine the fraction of a 
given species that will be in its cationic (+), anionic (-), and neutral forms, mid 
wliich species are likely to survive interstellar conditions. Leach (1995, elsewhere in 
tliis volume) has reviewed the available data on tliis subject. 
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Fig. 1. Single beam absorption spectrum of an argon matrix containing the discharge products 
from an AriCtL (200:1) mixture which has been irradiated with ultraviolet light. Vertical lines 
indicate the positions of 4 of the strongest DIBs. The broad laboratory absorption features proposed 
as possible DIB counterparts are also indicated (Wdowiak, Lee, and Beegle 1993). Table 2 lists the 
peak absorption wavelengths of the DIB candidates. 


Table 2 

Absorptions produced in an Ar:CH 4 (200:1) discharge compared to the DIBs 6 





Correlated Laboratory Feature 

DIB 

Feature 

x(A) 

cm” 1 

nun — vi^b 

S/ 1 CiTiO / x 

A (A) 

cm" 1 

XI uu /o 

yoiB 

4430 

22573 

a 

4500 

22220 

+ 1.57 

4754, 4763 

21025,20989 

g 

4755 

21030 

-0.02, -0.20 

5535 

18062 

f 

5587 

17900 

+0.90 

5705 

17523 

d 

5687 

17583 

-0.34 

5779 

17304 

c 

5788 

17277 

+0.16 

6269 

15952 

b 

6271 

15946 

+0.03 

6283 

15916 

b 

6279 

15926 

-0.06 

6613 

15122 

e 

6601 

15150 

-0.19 

6992 

14302 

IR 

6882 

14530 

-1.59 

7223 

13845 

IR 

7194 

13900 

-0.40 


a Attributed to matrix shifts. 

6 Features labeled a, g... are discussed in the original paper (Wdowiak 1980). 
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3. SPECIFIC EXAMPLES OF DIB CANDIDATES 

The following materials are currently considered as potential DIB carriers. 

•Unspecified Organics 

• Carbon Chains 

• Polycyclic Aromatic Hydrocarbons 

• Fullerenes and Their Derivatives 

• Porphyn / Porphyrins 


All contain the cosmically abundant element carbon. Since these are molecules, 
not grains, the goal has been to obtain spectra of the isolated species. As will become 
clear in the following discussion while some may be more attractive than others as 
potential contributors to the DlBs ; none satisfy all the criteria summarized by Snow 
near the end of this book. Each will now be discussed in turn. 


3. 1 . UNSPECIFIED ORGA NICS 

In 1980 Wdowiak produced candidates for the carriers of several DIBs in argon matrix 
experiments. Samples were prepared by passing an AnCTLj (200:1) mixture through 
an electric discharge and condensing the products onto a sappliire window (~ 12 K). 
In addition to features arising from several well known species such as Cj' CNN, and 
CH, a few T new bands ware evident as shown in Figure 1 . Several (see Fig. 1 and 
Table 2 ) fell within reasonable matrix shifts of DIBs. The bands were photostable 
under ultraviolet radiation suggesting that the carriers could survive the interstellar 
radiation field. Wliile several fall near the strong DIBs at 5778, 6283, and 6613 A, 
the strongest, a broad absorption band near 4500 A, is particularly interesting. It 
becomes evident only after CH, C2 and C3 bands are strong, suggesting it arises 
from a species containing several carbon atoms. This is supported by the observation 
that a similar band is produced in pure carbon vapor deposition experiments (next 
section). These experiments have been repeated and subjected to further analysis as 
described by Wdowiak et al. (1994). 

3.2. CARBON CHAINS 

Kratschmer (1986) investigated the possibility that carbon chains might, be respon- 
sible for the DIBs by preparing argon matrices containing small carbon molecules 
and atoms. These matrices were produced by depositing a stream of argon onto a 
cold sapphire window (10 K) simultaneously with carbon vapor generated from a 
resistively heated carbon rod. The ratio of argon to trapped species (100 to 1000) 
was controlled by adjusting the relative deposition rates. This produced an argon 
matrix containing small carbon species such as C, C 2 , and C 3 . As shown in the lower 
trace of Figure 2 , these absorb below about 4200A. By warming the matrix slightly, 
these smaller species can diffuse and react with each other producing larger carbon 
molecules (Figure 2). These often absorb at longer wavelengths. For example, the 
strong 4100 A absorption assigned to C 3 decreases wliile bands at 3110, 3480, 3940, 

4470 A and longer wavelengths grow* in. That at 4470A was tentatively assigned to C 7 . 
Tentative assignments of some of the longer wavelength bands are shown in Figure 3 . 
The bands seem uncorrelated, indicating that each arises from a different mdecule. 
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Fig. 2. T he UV-Vis spectra of carbon molecules isolated in an argon matrix. The lower trace 

is of a freshly deposited sample. The middle and upper spect ra were taken after the matrix had 
been warmed to 25 and 30 K respectively. The new bands produced upon warm-up are due to the 
formation of larger carbon species (Kratschmer 1986). 


Some of the species which produce the new features that lit 1 in the visible could be 
DIB candidates. A comparison of the spectrum produced by this mixture of larger 
carbon molecules with the diffuse bands as listed by Herbig (1975) is shown in Figure 
4. Disregarding the broadening, the pattern of bands in both spectra is remarkably 
similar, especially between 4400 and 5600A. Interestingly, Fhatschmers 4470A band 
shifts and appears quite similar to Wdowiak’s 4500 A feature. Although these exper- 
iments were carried out to test the suggestion made by Douglas (1977) that linear 
carbon chain molecules might produce some of the DIBs. IR studies of these matrices 
indicate that a considerate fraction of the larger carbon molecules have nonlinear 
structures (Kratsduner 1986). These too must contribute to the absorptions shown 
in Figure 4. 

In 1993, Fulara et ai reported further laboratory evidence for highly unsaturated 
hydr ocarbons as carriers of some of the DIBs. Their results are basal on an elegant 
experimental technique in which the UV-Vis spectra of specific mass selected species 
can be measured in a neon matrix. Negative C n H m ions (anions), where n=2-12 
and m<3 are produced in a discharge from a mixture of 10 a di acetylene in argon. 
These were selected out and co- deposited with ikxhi onto the matrix substrate 1 at 5 
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Fig. 3. T he spectrum of large carbon molecules produced by annealing an argon matrix containing 
small carbon species to 35 K. The bands were tentatively assigned to the C n species, through C 9 
(Kratschmer and Nachtigall 1987). 



WAVELENGTH ( nm) 

Fig. 4. C Comparison of the laboratory spectrum of carbon molecules in an argon matrix with 
a schematic version of the DIB spectrum reported by Herbig (1975). (From Kratschmer 1986) 
The circles indicate the positions of the bands reported by VVdowiak (1980) in his CH 4 discharge 
experiments. The large number of coincidences suggests that the same carriers are responsible for 
many of these absorptions. 
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Fig. 5. The absorption spectra produced by codepositing mass-selected CeH“ , CgH“, CioH“, or 
C 12 H- and neon, with simultaneous UV irradiation (traces A, B, C, and D). The DIBs are shown 
schematically at the bottom of the upper figure, with height representing equivalent width (Herbig 
1975; Herbig and Leka 1991). The observed absorption bands, numbered at the top of the figure, 
are listed in Table 3. The bands labeled with asterisks lie within 36 crn~ l of known DIBs (from 
Fulara et ai 1993). 
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K. The neon matrix was simultaneoiisly irradiated with UV light. Figure 5 show's the 
absorption spectra produced by codepositing mass-selected CeH" , CsHm, CioH“ , and 
Ci 2 H m with neon. The intensity pattern depends on deposition conditions, indicating 


Table 3 

Absorptions of unsaturated hydrocarbons (Figure 5) compared to the DIBs a . 




^matrix 


*DIB 

No. 


(nm) 

Spectrum 

(nm) 

1 


405.8 

C 3 ; A. B. C. 0 


2 


0 481.9 

B 


3 


* 489.0 

B 

488.20 

4 


P 497.5 

B 


5 


506.2 

C 2 ~; B. C, 0 


6 


^ 530.6 

C 2 "; A. B. 0 


7 


0 541.9 

D 

542.00 

8 


543.5 

B, A. 0 

544.90 

9 

# 

557.8 

8 


10 

# 

0 568.4 

C 


11 


570.8 

C 

570.51 

12 


572.8 

B 


13 


586.5 

A 


14 


607.7 

A, 8. C. D 

608.97 

15 


614.1 

B 


16 

# 

® 627.1 

D 

626.97 

17 


@ 631.2 

B, D 

631.80 

18 


0 640.7 

C, 0 

639.69 ) 





641.26 ) 

19 


647.2 

0 


20 


@ 664.6 

0 

666.07 

21 

m 

0 685.9 

D 


22 


696.0 

D 


23 

m 

721.9 

D , C 

722.40 

24 


736.4 

C 

735.75 

25 


738.3 

D 

736.70 

26 


746.6 

B 


27 


765.5 

D 


28 


772.8 

B, A 

772.17 

29 


774.5 

D 


30 


801.9 

D 

802.62 

31 


860.7 

D 

862.08 

32 


924.6 

C, D 


33 


934.4 

C, D 


34 


967.6 

C, 0 



a Taken from Fulara et al. (1993). The numbers in the first column correspond to the 
vertical lines at the top of Figure 5 which indicate the position of a laboratory band in one 
of the spectra. A, B, C, and D indicate the particular spectrum shown in Figure 5 which 
have the band. Those absorptions labeled with [#] are close to bands reported by Wdowiak 
(1980), and those with [@] are close to bands reported by Kratschmer (1986). 
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that the absorptions arise from many different species. Bands marked with asterisks 
correlate well with DIB positions. Fulara et al propose that the species which 
produce the absorptions are highly unsaturated hydrocarbon radicals, C n H m , because 
the anions are believed to be neutralized by the UV irradiation. On the basis of the 
very good agreement with DIB positions listed in Table 3, they conclude that these 
species with carbon numbers between 6 and 12 may be the carriers of some of the 
DIBs. Smaller species are readily photofragmented, wliile larger structures arrange 
themselves into cyclic forms (see also Maier, elsewhere in this volume). 

It is very important to determine oscillator strengths (f- values) of the transitions 
in these species. Oscillator strengths are needed to calculate the column density of 
each proposed DIB candidate implied by the observed equivalent width. This, in turn, 
allows one to determine the fraction of the elemental cosmic abundance consumed by 
the candidate and decide whether or not it is reasonable. 


3.3. POLYCYCLIC AROMATIC HYDROCARBONS 

In 1968 Donn considered the possible contributions of individual polycyclic aromatic 
hydrocarbons (PAHs) to the interstellar extinction curve. In discussing the influence 
of size, he pointed out that below about 200 A, molecular rather than macroscopic 
effects become important and the calculated extinction curve starts to show consider- 
able structure. Using the spectra of neutral, compact PAHs (presumably suspended 
in pellets or solution) such as coronene, ovalene and hexabenzocoronene it was ar- 
gued that some of the poorly understood general futures of the interstellar extinction 
curve - such as the liigh U v absorption - could be accounted for. Donn and Krishna 
Swamy (1969) showed that a PAH mixture was consistent with the visible extinction 
as well. Donn (1968) also pointed out that, “...narrow hand structure may... be intro- 
duced by the radical side-chains (on PAHs). Such... narrow alisorption features may 
be the cause of the diffuse interstellar bands in a manner having some similarity to 
that proposed by Johnson (1967).” 

Johnson (19671 after reviewing the DIB situation at the time concluded that, 
“one is probably dealing with either very complex hydrocarbon molecules or simpler 
molecules in electronic states not ordinarily achieved under normal laboratory con- 
ditions...” In 1970, Johnson reported an extensive study of possible contributors to 
the DIBs. This work included measuring the spectra of over fifty neutral aromatic 
compounds suspended in various media. He concluded that 'These studies do not 
rule out the existence of molecules of Tables IV (aromatic hydrocarbons) and V (por- 
phyrins) entirely, however they do preclude their discovery in the optical region of the 
spectrum with the sensitivity presently available to astronomers.” Tliis conclusion is 
based on the well-known absorption property of neutral PAHs that the long wave- 
length absorption band limit is determined by the long dimension of the molecule 
(Platt, 1956; Clar, 19721 Thus, although all PAHs absorb strongly in the UV, only 
larger PAHs with more than five or six rings linearly arranged will absorb in the visi- 
ble. To span the entire visible and near-infrared range, the' region in which most DIBs 
lie, very large neutral PAHs are required. Neutral PAHs containing between 25 to 30 
carbon atoms just start to absorb m the visible. Much higher numbers are required 
for absorptions in the red (e.g. see Salama et al. 1995 elsewhere in tliis volume). 
Consequently, since PAHs are extremely complex molecules by interstellar standards, 
they were not seriously considered further as DIB carriers. Tliis conclusion that small 
neutral PAHs cannot contribute to the DIBs has been confirmed by the experiments 
of Ehrenfreund ct al (1992a) on the visible absorption spectra of the PAHs sublimed 
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from coal pitch and isolated in a neon matrix. Tins mixture of about 150 aromatic 
molecules lias only a few transitions in the region between 3800 and 5000 A. 

Since, on the other hand, PAH ions of all sizes absorb in the visible and near 
IR, this situation changed when it was recognized that PAHs might account for the 
interstellar infrared bands emitted from many different astronomical objects, and 
that a large fraction of any PAHs present in the diffuse interstellar medium would be 
ionized (Allamandola, Tielens, and Barker 1985; van der Zwet and Allamandola 1985; 
Leger and d’Hendecoiirt 1985; Crawford, Tielens, and Allamandola 1985). Spectra of 
many ionized PAHs suspended in boric acid glass, alkali halide, and freon matrices 
have been available for some time (Hoijtink 1959; Hoijtink, Velthorst, and Zandstra 
1960; Sliida and Iwata 1973). More recently argon matrix data on several ionized 
PAHs have also been published (.Andrews, Kelsall, and Blankenship 1982; Andrews, 
Friedman, and Kelsall 1985; Szczepanski ct ai , 1993a, b; Vala ct ai 1994). Although 
this work provided early support for the notion that ionized PAHs could contribute to 
the DIB spectrum, as described above in Section 2 - Experimental Techniques, these 
matrices cause spectral shifts which preclude definitive comparisons with the DIBs. 
Thus, since little information was available concerning the spectroscopic properties 
of ionized PAHs in the visible and near-infrared, new experimental studies on the 
electronic spectra of ionized PAHs were needed. To meet this need, a major effort, 
was initiated at several laboratories to obtain the spectra of ionized PAHs in neon 
matrices. 

The first comparisons of the DIBs with neon matrix spectra of PAH ions appeared 
only recently. These data are summarized in Table 4 (see Salama ct ai 1995 for a 
detailed discussion of these data). Salama and Allamandola (1991, 1992a) reported 
studies of the electronic absorption spectrum of the naphthalene cation (CioHt ) iso- 
lated in a neon matrix. The risible portion is shown in Figure 6. Neutral naphthalene 
does not absorb at wavelengths longer than about 3000A. The strongest band, that at 
6742 A, falls close to the DIB at 6741 A which was first, sug gested by Herbig in 1975 and 
confirmed by Jenniskens and Desert in 1994. The secondstrongest naphthalene cation 
band falls at 6520 A. A new' DIB was subsequently found at this wavelength (Table 
4), although with a different strength than expected. Ehrenfreund ct ai (1992b) 
measured the spectra of neutral and ionized ovalene (C32H14) and coronene (C24H12) 
in neon matrices as these species were known to absorb near the strong 4430A DIB. 
Wliile these spectra show r ecf that neither neutral ovalene nor the coronene cation could 
account for the 4430 A DIB, as shown in Table 4, the coronene cation could be re- 
sponsible for the 4595 and 9466A DIBs. Salama and Allamandola (1992b) showed 
that a pyrene-like cation might w T ell be responsible for the strong 4430 A DIB. Tliis 
w r as based on the observation that the pyrene cation (CigHfo) has only one strong ab- 
sorption in the entire risible and near-infrared spectral range. This band, also shown 
in Figure 6, falls at 4435 A in an argon matrix and at 4390A in neon. The difference 
between the DIB wavelength and the wavelength in a neon matrix casts doubt on the 
assignment to the pyrene cation itself. However, the proximity to the 4430A DIB and 
simplicity of the pyrene cation spectrum suggested that a closely related molecule 
such as alkyl substituted pyrenes might prove to be strong candidates (Salama. and 
Allamandola 1992b). Leger and d’Hendecourt (1995, elsewhere in tliis volume), show 
that tliis is indeed plausible. Tliis point is also discussed further by Salama ct ai 
(1995, elsewhere in this volume). 
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4320 4350 4330 4410 4440 4470 4500 

Wavelength (A) 

Fig. 6. Top - The visible absorption spectrum of the naphtahlene cation isolated in a neon 
matrix. The ion was produced by irradiating a naphthalenemeon (1:600) matrix at 12 K (Salama 
and Allamandola 1991, 1992a). Bottom - The strong UV absorption band of the pyrene cation 
isolated in neon and argon matrices compared to the position and width of the 4430A DIB (shaded 
area, figure from Salama and Allamandola 1992b). 
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Tcible 4 

Absorption of PAH cations compared with the DIBs (Salama et al. 1995) a 


PAH+ 

X„ eak (nm) 
(Neon matrix) 

DIBs (nm) 6 

Ai/(cm l ) 

Pyrene (C\ f ,H[o) 

439.5 / 

(443.0 in Ar) 

442.9 

175 

1- Methyl pyrene {CH% - CigHqY 

444.2-^ 

442.9 

66 

4-Methylpyrene [CH* - C\§H£) 

(457.7) 




482.8 

482.4 

17 


757.6 

758.1 

9 

Naphthalene (C\qH^) 

674.27 

674.1 

2 

652.0 

652.0 

6 

Phenantlirene (CuH+qY 

898.37 

856.8 

857.2 

5 

Tetracene (Ci&H^) 

864.77 

864.8 

2 

Benzo(ghi)perylene {CnH^) 

502.27 

758.4 

503.9 (?) 
758.1:758.6 

67 
5; 4 


755.2 

755.8 (?); 756.2 

11; 8 


794.3 

793.5 (prob.) 

13 

Coronene (C^H^) 6 

459.07 

459.5 

24 

946.5 

946.6 

1 


a Except for the 4439 A band, the percent frequency shifts between the bands in the 
neon matrix and the DIBs are all much less than 0.5%. For the 4439 A band it is 
0.75%. 

b Herbig, 1975; Sanner et al 1978; Herbig and Leka, 1991; Jenniskens and Desert, 
1994; Ehrenfreimd and Foing, 1994. 
c See also Leger and d’Hendecourt, 1995. 
d Phenantlirene data from Salama et al. 1994. 
e See also Ehrenfreund et a/., 1992. 
f Strongest absorption band. 


The oscillator strengths determined for these species permit one to calculate the 
abundance of the PAH candidate required to account for the observed DIB equivalent 
width. For each of the PAHs listed in Table 4, only a few tenths of a percent of the 
cosmic carbon is implied, showing that PAHs readily satisfy the cosmic abundance 
constraint. 

An important question related to the issue of PAHs as DIB carriers has to do 
with the UV spectral properties of these species. Since neutral PAHs are known to 
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possess strong absorptions in the UV, the lack of substructure in the UV portion 
of the interstellar extinction curve has been considered as a criticism of the PAH 
hypothesis (see Donn 1995, elsewhere in this volume). There are two factors that 
would tend to weaken this substructure. First, the absorptions produced by a mixture 
of PAHs would overlap, producing only a weakly structured pseudocontinuum in a 
manner similar to that describea by Joblin et al. (1992). Second, the UV band 
strengths of some PAH ions may be weaker than for their neutral counterparts. The 
UV absorption strength of the naphthalene cation appears to be weaker than for 
neutral naphthalene (Salama and Allamandola 1991, 1992a). This tendency has also 
been found for the cations of several PAHs suspended in borosilicate glasses (Lee 
and Wdowiak 1993). If this is a general property of ionized PAHs, the implication is 
that ionized interstellar PAHs might not acid significant structure to the interstellar 
extinction curve at wavelengths shortward of about 4000 A along lines-of-sight with 
strong DIBs. The ionization state of a mixture of PAHs is expected to vary in the 
diffuse interstellar medium (Bakes and Tielens, elsewhere in this volume). If ionized 
PAHs indeed contribute to the DIBs, it would be interesting to search for UV structure 
in those regions where DIBs are known to weaken. Since the PAH spectrum is such 
a sensitive nmetion of ionization state, as the population of ionized PAHs decreases, 
UV absorption bands due to the neutral species may become apparent. 


3.4. FULLERENES AND RELATED MATERIALS 

A spell was cast over much of the astronomical community when Kroto et al. (1985) 
suggested that. Qo had the stmeture of a soccerball and that “it may be widely 
distributed throughout the Universe”. Kroto et al. also speculated that Ci,u or a 
derivative may be the carrier of the DIBs. As with PAHs, there is a need for the 
spectroscopic properties of these specie's taken under conditions appropriate for the 
interstellar medium. Diuing the past few years some 1 of this data has become available. 

The 2000 to TOOOA spectrum of neutral C 6 n in solution or as a solid film has 
been reported by Kratschmer et al. (1990) and Leach et al. (1992). C 6 o absorlis 
most strongly at about 2150, 2600, and 3350A, possessing veiy weak bands in the 
visible. The spectrum presented in Figure 7 shows that neutral C W ) is not a DIB 
candidate. However, as with PAHs, the ions of this species absorb at longer wave- 
lengths. Recently, the spectra of matrix isolated QJo and Cg 0 have become available 
(argon: Gasyna, Andrews, and Schatz 1992; neon: Joblin 1992; neon and argon: 
Fblara, Jakobi, and Maier 1993). The spectra of neon matrix isolated Cg 0 and Cg 0 
are shown in Figure 8. The strongest absorptions of C(| n fall at 10368 and 10435 
cm -1 (9645 and 9583 A), while the strongest band of Cg 0 is at 9443 cm -1 (10590A). 
While these fall beyond the spectral region normally associated with the DIBs, recent 
observations reported by Foing and Enrenfreund (1994), have revealed two possible 
new DIBs at 9632 and 9577A. These lie within 14 and 7 cm -1 of the two strong 
neon matrix isolated Cg“ 0 bands. The relative band strengths are also similar to those 
found for matrix isolated C^,- Thus, these new DIBs may well arise from C^, (Foing 
and Ehrenfreund 1994; and Foing and Ehrenfreund 1995, elsewhere in this volume) . 
Questions remain however as the doublet structure shown in Figur e 8 may arise from 
Cgo being trapped in two different forms (not sites), one metastable, by the matrix. 
Gas phase C,* 0 may not show this doublet structure. Since any DIB identification is 
strengthened by multiple band agreements, this would weaken the Cgo assignment, 
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Fig. 7. T "he Visible- Ultraviolet absorption spectra of two thicknesses of solid, neutral Ceo* The 

stick spectrum at the bottom shows the positions and relative oscillator strengths theoretically 
calculated for isolated C 60 - Figure from Kratschmer et ai (1990). 


but not eliminate it as one of the doublet components would remain. Maier (1994) 
has also discussed this issue. 

As with the carbon chains, it is very important to determine the oscillator strengths 
for these transitions in order to deduce the fraction of the elemental cosmic abundance 
required by the candidate. 


3.5. PORPHYRINS AND RELATED MATERIALS 

In 1970 Johnson reported an extensive spectroscopic study of potential DIB candi- 
dates including dyes, sulfur containing species, aromatic compounds with and without 
hetero atoms, and porphyrins. This exhaustive work encompassed possible grain 
materials as well as individual molecules suspended in matrices of various sorts. 
Since the spectra on porphyrins looked promising, while the other spectra “did not 
even remotely suggest similarity to the diffuse interstellar spectra* a large num- 
ber of porphyrin compounds were studied further. Since many porphyrins possess 
an unusually strong band (the Soret band) in the vicinity of 4430A, the position 
of the strongest DIB, Johnson considered many closely related compounds. The 
compound, bispyridylmagnesiumtetrabenzoporphine, (MgTBP-dipyridme), with the 
structure shown in Figure 9, seemed particularly promising. 

As shown in Figure 9, its tw r o strongest absorptions fall close to the tw r o strongest 
DIBs, namely those at 4428 and 6281A. The bands are broad as are the two strong 
DIBs. Sixteen spectral coincidences with known DIBs were reported at that time, 
with six others added later (Johnson, Bailey, and Wegner 1973). Johnson (1991; 
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Fig. 8 . The electronic absorption spectra of CgQ and C 60 isolated in neon matrices. Figure from 
Fulara, Jakobi, and Maier (1993). 


1995, elsewhere in this volume) reports that most of the DIBs can be reproduced by 
the spectra obtained when this compound is suspended in several different paraffin 
matrices. 

The novel suggestion that porphyrins or closely related materials might account for 
the DIBs was recently furthered by Miles and Sarre ( 1992), when they pointed out that 
the strong origin band of cold, gas phase chlorin (C 2 0 Hi 6 N 4 ), a reduced porphyrin, 
falls within 1A of the prominent DIB at 6284A. Miles and Sarre (1993) discussed 
additional spectroscopic and analytical studies of this species which supports the 
notion of cluorin as a DIB carrier. Figure 10 which compares a scliematizea version of 
the DIB spectrum with measured and calculated chlorin spectra shows the suggestive 
nature of this assignment. In their thorough discussion of this suggestion, Miles and 
Sarre (1993) also point out that the very strong and broad Soret band w r hich falls near 

3900 A must be searched for to test this assignment and that currently available data 
are of insufficient quality to settle the issue. See Hibbins et al 1994, for a discussion 
of new, narrow DIBs detected in this region. 


4. ASSESSMENTS 

Here ; a brief assessment of the status of each suggested material is presented, with em- 
phasis placed on what is needed to really put each candidate to the test. Limitations 
are also discussed. 

UNSPECIFIED ORGANICS 

The specific materials responsible must be identified, or at the very least placed 





194 


L.J. Allamandola 




wavelength/A 


Fig. 10. (a) - A schematic and simplified version of the DIBs compared with (b) - the fluorescence 

spectrum of gas-phase, jet-cooled chlorin, and (c) the spectrum of chlorin in benzene solution at 
room temperature, shifted by -91 A. From Miles and Sarre (1992). 
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in general chemical categories. To achieve this will require new experiments earned 
out at the low end of the ultra-high vacuum range to eliminate any questions of 
contamination, allowing a confident identification of the elements involved. Once 
this is achieved, one can then compare the properties of these materials with the 
properties of the other candidates. One key question at this stage is whether or not 
these materials are the same as, or closely related to, those generated in the carbon 
chain studies. Once classification has been made, studies in neon matrices will be 
required to see if the new bands still fall within 1% of the DIB wavelengths. If so, 
/-values must be determined. If all of these criteria are met, gas phase experiments, 
on a least a few representative samples, will be called for. 

CARBON CHAINS 

In view of the encouraging neon matrix results, these species look quite promising 
as candidates for some ofthe DIBs. It is important to increase the spectral library 
of these species and determine oscillator strengths (/-values). The most promising 
candidates warrant the work needed to determine the specific molecular formulae for 
several reasons. First, this will provide guidance for the gas phase experimental work 
called for to verify band positions; second, specific identifications will allow theoretical 
calculations on gas phase band strengths, profiles, and relative intensities; and third, 
the species suggested will give much needed insight into the chemical and physical 
processes of the interstellar medium. It presently seems that while carbon chains 
might account for some of the DIBs, they probably cannot account for them all since 
earn species is likely to produce a few bands at most . This constraint appears fairly 
tight because small species ( < 6 C atoms) are not photostable under the interstellar 
radiation field, while larger species (> 10-12 C atoms) cyclizeinto aromatic moities. 
Even allowing for mixtures of slightly larger isomers, it is difficult to imagine such a 
handful of species producing all of the DlBs. 

POLYCYCLIC AROMATIC HYDROCARBONS 

In view of the encouraging neon matrix results, these too ; look very promising 
as DIB candidates. It is important to increase the spectral library of neon matrix 
isolated PAHs, not only as positive and negative ions, but also in their radical forms. 
The /-values are extremely important to determine as these are used to derive column 
densities and there is great uncertainty in the current experimental literature on this 
topic. Gas phase spectroscopic work is called for on the most promising species to 
verify band positions and calculated profiles. While it appears that PAHs might well 
account for some of the DIBs, they suffer from a concern which is the opposite to 
that for carbon chains. There are so many PAH isomers conceivable that one must 
envision a mechanism which favors several tens of PAHs, while weeding many out. 
Unless this is the case, the cosmic carbon available must be distributed among all 
PAHs, lowering the column density of any specific PAH to the point where it cannot 
absorb strongly enough to produce a typical DIB equivalent width. Since different 
PAHs have widely varying stabilities, weeding out may occur during formation in 
circumstellar shells or In the interstellar medium itself. 

C 60 AND FRIENDS 

While there is no spectroscopic evidence in support of C fi o as an abundant inter- 
stellar species (due to the lack of structure in the 2000-3000A portion of the ext inction 
curve), there is intriguing agreement between the two strongest absorption bands in 
the spectrum of neon matrix isolated C/ 0 and two newly detected DIBs. To test this 
further requires that the gas phase spectrum of Cgo be measured and that f- values 
be determined. Ohservationally, correlation studies demonstrating that the two new 
DIBs are locked together are also required to test the identification. To determine if 
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Cgo is present requires the search for a new DIB in the vicinity of 10590A, the wave- 
length of its strongest absorption. In any event, neither Q 0 , Qjjj, nor Q 0 contribute 
to most of the known DIBs. See Kroto (1988) for a discussion of various other con- 
ceivable forms of fullerenes which may be considered for the DIBs, including metal 
entrapped species, and Webster (1995, elsewhere in this volume) for a discussion of 
the many hypothetical variations on the Qo theme such as hydrogen additions at 
various positions on the molecule which can isolate conjugated bond systems and cre- 
ate radical sites, providing systems analogous to polyenes such as polyethylene which 
can absorb in the visible. 

PORPHYRINS AND RELATED MATERIALS 

This intriguing suggestion, which has been proposed to account for the DIBs and 
UV- Visible extinction, involves the suspension of MgTBP-dipyridine in 5 types of 
paraffin matrices. For this suggestion to be widely accepted will require that all of 
the spectra be published over the entire spectral range considered. Band positions, 
intrinsic strengths (/-values), and relative strengths need to be tabulated as well. 
Although the picture involves MgTBP-dipyridine suspended in paraffin, gas phase 
data, especially for the very intense Soret band, is also needed This is in addi- 
tion to spectra of this compound in or on other interstellar materials known since 
it is difficult to imagine that this molecule would only be present in paraffin in the 
interstellar medium. These data are needed to fully test this DIB candidate as it 
would provide a tell-tale tracer for this compoun d pr ior to paraffin incorporation. In 
addition, the infrared spectra of the paraffin/MgTBP-dipyndine suspensions should 
also be published in order to provide spectral signatures with which the presumably 
more abundant paraffin (and possibly MgTBP-dipyridine) can be searched for. Al- 
though there is currently little data on the liiframl spectral properties of the diffuse 
interstellar medium, the incoming ISO mission should address this issue squarely. 
For chlorin, a complete UV- Visible spectrum in a neon matrix or in the gas-phase 
(including /-values) is needed to pin down the other band positions. 

Finally, although it almost goes without saying, the species considered must meet 
a number of criteria in addition to spectral matching since there are so many DIBs 
that apparent wavelength agreement, while crucial, should only be viewed as the first 
hurdle. For example, the species must satisfy cosmic abundance constraints and they 
must be reasonable. The later point is important because of the seductive power 
of the DIB problem to spectroscopists. Tbs has often led to the vigorous pursuit 
and development of unreasonable ideas. The following serves to illustrate the pit- 
falls of relying solely on wavelength comparisons. Some time ago the author (and 
one of the editors!) expended a very serious experimental and theoretical effort on 
the study of simple radicals such as HCO and NH 2 frozen in various matrices. The 
motivation was the remarkably close agreement between a number of the strongest 
DIBs reported by Herbig (1975) and the strongest absorption bands of these frozen 
radicals. The strongest absorption band wavelengths of each species are listed, fol- 
lowed by possible DIB counterparts in parentheses. The first DIB wavelength is from 
Herbig (1975), the second from Jenniskens and Desert (1994). HCO in CO: 5102 A 
(-,5109A), 5330A (5362A, 5362A), 5548A (5545A, 5545A), 5789A (5778A, 5789A), 
6052A (6042A, 6045A) 6352A (6352A, 6354A), 6695A (6660A, 6699A) [HCO data 
from Ewing, Thompson, and Pimentel I960); NH 2 in argon: 4711 A (4726A, 4727A), 
5150A 5684 (5705A, 5705A), 6275 (6270A, 6278A) [NH 2 data from Robinson 

and McCarthy 1959)]. This work was pursued notwithstanding the fact that this 
Avavelength agreement” necessitated the use of different matrices - CO and Ar; both 
of which are absurd for the diffuse interstellar medium (matrices were rationalized 



Laboratory Studies of DIB Carriers 


197 


for two reasons, first to shift the wavelengths into agreement since many of the gas 
phase values were off by more than a hundred angstroms, and second to protect these 
fragile species from photodissociation by the interstellar radiation field) . Fortunately, 
we came to our senses in time. 


5. CONCLUSION 

Spectroscopic studies of potential diffuse interstellar band carriers are reviewed. The 
discussion is limited to the spectroscopic properties of those species thought to be 
promising by various workers in this field. These include - unspecified organics, 
carbon chains, polycyclic aromatic hydrocarbons (PAHs), fullerenes and derivatives, 
as well as porphyrins and related material. A critical assessment of the status of each 
material as a potential DIB candidate is given, along with suggestions for further 
experimental studies needed. In addition to the spectra discussed here, many other 
properties of the DIB candidates are required to fully test the feasibility of each. 

The criteria which must be met for a particular material to be accepted as a DIB 
carrier are that its visible and near-infrared absorption features match the known 
DIBs in wavelength, bandwidth, and relative intensities, while not possessing addi- 
tional features which are absent in the interstellar spectra. There are no species which 
presently satisfy these criteria. At this point, given the type and quality of published 
data available, carbon chains and PAHs are the most promising candidates to account 
for a number of the DIBs. 
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